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BALLISTIC RESEARCH LABORATORIES

MEMORANDUM REPORT LO. 1939

. _ KOOpalka/lca
Aterdeen Provin. Ground, NMd.
Dctoter 1968

AERODYNAMIC FORCE TESTS OF COINE CYLINTER FLECHETTE MODELS
AT SUPERSONIC MACH LUMEERS (U)

(UNCLASSIFIED) ABSTRACT

Wind tunnel force tests were performed to determine the influence
of varying afterbody length on the aerodynamic characteristics of five
slender cone cylinder flechette models. The test was performed in the
supersonic wind tunnel No. 1 of the U.S. Army Ballistic Research
Laboratories. Force and static stability parameters were determired at
Mach numbers 1.5 to 4.0 at nearly constant Reynolds numbers. The
results are presented and compared with theoretical data obtained from
supersonic small disturbance theory. '
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zero lzft total axial force coefficient, I /(K d qm)
base pressure coefficients, (pa - pn)/qm
zero lift forebody axial force coefficient, QAo - CPB
pitching moment coefficient (reference at the model base),
n ‘

W/(E & o)

normal‘force coefficient, F /(" 6% ¢ )
S AN Y

slope of normal force curve, acm/aa, for zero angle of attuek
referenceihodel diameter
axial force
‘normal force
free stream Mach number

pitching moment (reference at the model base)

free stream pressure
base pressure
‘ free stream dynamic pressure (y/2) P, M2‘

.Reynolds number based on reference model d1ameter and free stream '
L conditions o . ]

center of pressure- location with reference to the cone cylluder
Junction or to the model base’ (in calibers) '

length of the cylindrical afterbody (in calibers)

,_angle of attack
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v ratio of specific heats
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(OONFIDENTIAL) 1. INTRODUCTIC:

Nonspinning very slender bodies of revolution were stabilized in

the past primarily by an array of tail mounted Uins. These fins, how-

ever, huve ciused munv problems since “hey have chq in use. They 1re
usually of 1 wenk structure znd, theretore, prore to be damaged. Ce-n
frem thic (oint of view, miss stabilization aptears to be sdvantagcous

aver fin stuvilicsztion. Interest has urisen recertly in the technique

o mass stubilizing these bodies. referred to as flechettes.

theretore, un invosti;mticn o 1.8 initiate& ty the ULE, Afmy
vunltions C:xnand, rloatinny Arsen:l, O'Keefe und w4ssermannl fourd
froa a literature review tha® the most promising flechette ~ontigurations
consicted of 8 to 10 caliber cores with o short afterbody ¢ 1.5 to 3.0
~alibers in length. They further detérnined the optimum cens for their
purposes t¢ be 5.5 salibers. Having their choice narroued d.'m by k

these findings. the investigators conticted the Ballistic kese: - th

Laboratories (BRL) ut the Aberdeen Proving ground and usked‘cha; the
Extericor Biliisties Liboratcry perform a wind turnel fcrce test o:'fiye
flechette models at Mach numbers between 1.5 and 4.0 in order tc deter-
mine the infliuence of the varying length of the afterbody on the aero-
dynamic characterigticc of the ‘leghettes.

The test was perfurmed in July 1966, and the results are published
in this report. furthermore, they are 2lso ‘compared with theoretl zl

data2, obtained from s uper«onlﬂ small dzsturbunce theory.

Apart from this program, a free ’llght 1nve~t1gat;on was conducted
in the range of the Exterior Balllstlcs Laboratory3 Thirteen rounds
of the shortest model version (Conf1guration ‘1), measuring 0.2 inch in
diameter at the base, were fired in February 1967 in order to ‘obtain-

aerodynamic data. Seven of these rounds yielded good results and were

included in this report for comparison.

Earlier experimental work on cone cylinders was pubxished 1n lﬂﬁh

by L. E. Schmidtu, vwho investigated the dynarlc properties of pure cones -

and ccone cylinders, and by W. E. Buford and S. »hatunoffs, whe studied

3
H
¥




"*" in diameter at the baSéi’7Thé:cylindrical?afterbody ﬁuries"inilcnﬁtk
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the efterts of fineness riatio and Mach namter oo ‘he nermal force ands

the center of pressure of cone  ylinders. The u-pent data provide

additional information on the flow past cone v irders tor confirmirations

not investiijated rreviously.

(UNCLASCIFIED) 2. EXPERIMERTAL UIDECTLCALL

The testc wern corducted in the Supsroeni. Wind Thnnel foe L ot *he

™

s

Exterior Ballistics IT-boratory. i.

£y

.1 Equipment _
The supersonic wind tunnel lo. 16 is centinuuusly cperiated and h§§
a closed circuit. The test section is 1% inctes high and 13 incheé
wide, and the ansle of 1ttack vngzes from =10 to 1% desrees, Flimaresl
shows a picture o® the test section with the mod ¢ (Corntimrition i) N

installed. The tlexible nozzle is calibrated D.r 19 Mesh nurbers bLetweern

1.5 and 5.3 accuicy of the calibratiorn iz 2 .31 atcolute error. The
- Vd
3 ¢ . 7 £ !

Reynolds nurmber can be varied between 9.1 x 1 und 3.0 % 1% per luab,

A three component strain gace balance was uged in the tast to

detect the aerodynwric forces acting on the rmedel. Its load capucitieg

are -

Usmral forece 12 1bsz. between gaces

Axial force- 9 lvs.

force, the base pressure‘waSimeasured throuph 2. 1/16 inch diareter

' flexible tube and moniﬁornd vy a pressurc transducer of ppropriate

" range.

The model dimensicns are given in Figure 3. All' five confimiratitris

consist of the same cone, measuring 8.8 caliters in lensth and t.i §
T

1.5 to 3.5 calibers.




2.2 Procedure

The test schedule and the test conditioris arc viven it the follows

ing table

P AR I 1 o

‘ B : R(:'d X 10-6 (kxn!‘h:lirwph»ns
: 1.5 .ch1 12 3 u oy
: 276 1 3 5
: 2.0 552 1 2 3 Lo
.265 13
; 2.5 0541 oo Ly
; 0.25 139
3.0 Sl 12 3 4 5
173 1 3 3
3.5 0.56h 12 3 4 5
d 0,270 S E
B 0.5¢, L2 3 sy
S 1 3 ¢
! After the flcu wis esﬂablished; thiee svanddrd prosedure wig to
record the acrodyriurli: forcns every {ull desree anmle of attack be.sli-
: ning with the maximum wngzle (ilo) und'préccedin: tb?wrdr its minirun
: value (-€%). A zerc wnmle of attuck reference check is made 2t the

beginnin:; and 1t the end of each test run. To ottain more test points

for thc determinntion of the derivatives orf noraal foree and ritehing

morent, readings were taken every hulf degrec between plus and minus two

Y e vy,

degrees. Schliere. photogrophs were taken at zevo degree anzle of
attack. ' ' ‘

2.3 Data Reduction _ :
" The data were reduced on the BRL.-computer (ORDVAC) using the

stindard program for three component meusurements. The derivative of
the normal foree at zero 1lift, CU&o’ was averaged analytically and i roch-
. - ieally from seven test points between +2 and. -2 desrees. The analytical
gethod‘employed to obtain the de:ivntivé'waﬁltﬁgt of leust squares. The

3 " " results of both methods were compured il order to eliminate erroncous

-1 e m——




test points atfecting the leaxst squares Uit.

a. the accuracy of the

-
(4]
pby
2]

From calibration data ind repeatzbil

data was estimated to be tetter than . 0% and 7. L dgolute rrror in
the normal and axial force coeffici~ v regrentively ard ol caliters in
the center of pressurc. The derivative of f'e Lomal forze coefti-larnt,
was found to be accurute witkin 3% of itz value.

All ancles of attack have beon corrosted Cor sipat deflectiorn dee

to aerodynamic load ard for the Clow inctination @ the funnel.

(UNCLASSIFIED) 3. THECRETICAL ©obl [CTT70

Lxtencive theoretical studies of

cyiinders have been wmade at the n?i ko
1957 usiag the rethod of characheristios. turin rhe
R. L. “cCO) hae been providing predictions on oo evlinder mod.

This intter method wvilds

tagsed on supersgonic smalti disturbance fleor;, U

the disadvantarres of the method of charpacteris: i
consuninit) and yet provides advquate zecuriey tor most prestisal ouuee,
The current cumputiticnal scheme iz Ytacca wn Van Dyke's bytrid

8 . L . .
theory . It consists of 3 second order scolution for the axisyrmetr!-
e ,.\..':

flow past slender bodies of revoluticn ontc which a Yipst order -y eond

mation of the cross flow is superimposed. This inviceid flow moacl

crated and resolved into

normal and axixl foree components. The rmethod Livs proven EICbllCHt

-

yields a pressure distribution that is ‘it

arreerent with the method of ckiracter-st~ﬂ:.

‘Corrrctions ncecounting tor the eftects of viscosity were also

incorporated into the program. The princip:l contributions of viscozity
thru 5.0) arise from skin fri-cion,

at the corgidered Mich nusters (1.5
The iatter’

toundary layer fhlgknvas and flow structure in the uear wake.

Swhll xnfluvnvn tho lase pressure.

e

Van Drioﬂf'" thnory tor lamlnar “nd turbulent corrressible boune ~wy

layerﬁ) wng: selected for the calculation ot gkin frxvtlon . Chapman's

1h




11 . . s s
and Sternbers's theories were chosen 1o ottain o prediction of tho

v

tuise prescur:s,

; ettt e
: FECHTIS

(1morac.

fhe exteritenta. eonnrs of the siipa tenpne b v ot wpe | resehten
twa wroups of esetvhee I the flpstoarenst s Vo vt we rodyrnemmic ccet-

fioients nre vIntled versng abole of attick, . i the gecond croup, ‘he
Influenve of aftertody lomsth ond 100l nanter oot Poaroe and st
s oy

strbility ~of81vlents ot daro ansle of atturn is oo wnd the

fi e e -

mensal reswlits are comparcd with the thece t ol predi-tion.
.1 Buglic Aevoduvnumic CoeSficients Vieeasoz St o Avtack

Tne nerral foree coefficient, ”3,.- the -nter of pressure, Z‘Ipm

is el
<te tetal axitl forsa o vero LIft, Y s the Yare predsiee c3007Io
2lent. Co.v e plotfed versus arcle of ot Tn hiiees bothrout o,

: 33 - .

The duta of oue confLiarction b att Moch b ve ond orn cenutunt
Yeynelds number o argertled onoc o cfooy 0 e, cor sengleteness goas
1l hest diedy e presentod inciadine tbo ot tovr test Reviolas
rumber (.27 x UV ). These dnfnowee oo G rovs s bhekground S
the sammury dnt and Tor Sarther (02000 o0 0 b vollowing &0l -

e ol . VT e ey heemal Ve peories

Stlon, howewre only the teot detee b L 0 R TSN A
. , 3 ‘
{0.55 % 1o ) huve boer oncilomeg,

Lo TAerpadymamis Toeffiodints Yeprus AP rredy Jorsth wad Maoh Lcter

S raurter ‘on the henter of

The inf‘iuvﬁn::o. of the afterbody and tie P
rressure are showm in Fimres 12 und 13, The tio srouys of surves
represernt two reference yrositions on the neded ., The duta of the virer
.ﬁi’éuﬁilz:gpi;éscnt'f,hsr nenter of pressur: ag :~:Gfisixr«~:i from f.hrr tase of the
model. In tke lower roup the ‘location of the Jefe 1B given with
r.f:s;.c-.-t'to the cone ~ylinder jur~tion. i.o. thr tass cf the cone zlote,
mre 14 the €.P. locttion of the shortect (1) wnd the- longess (5)

i

’ye

™
flechette configurition are compired with the results of the thecreti sl

et d-.b.t

Frediction rrerared by F. L. McCoy .  Some of the free flisht test 4t




~with only a sliwht adverse effect on the C.i. If the mass of the
‘is enough to influence the C.7. signific-nmtly, then the advanta.ce

_partly or even éompletely offset.

CONFIDENTIAL

of Confirurition 1 are also inciuded for ccmrarizon.

The ef'tv~t of atterbrody and ol number on the olope of normal
force ~urve is ghown in icures 1% and if. *loure 17 grescntﬁ "t
compirison of the exrerimental data with tbe :eedi-tion ter CrnfinkH-
tions 1 and 5. '

inb teree wre cdven Inc

The dita for the bhse precsure wd e

Firures 12 throwsh . T Lane rressise rare L4} nned
the total axixl toves weéfficint (Floure 23) ure cozmpured with the
resulte of “he rrediction, Dras dota cbiuined from Sree :

are included in Figure 23.

(CONFIPELTIAL 5. DIZTUCSION
The prirmiry cbjective of the winl turns! tect g £0 dotermine the
center ot pregsure (7.P.) position on Lie rodal. g wtdivion. the gtler

articz o the monal

rey

data were cbtiined rerresenting the remuinionc e

witn regard to lift and drwug.

5.1. Center uf Pressure

The dictance betwean the conter of macs (Cedl) e the venter of

prescure (C.P.) én the model

:is the most important parameter for the criginttor of this wind “unnel

testl. Highest possible stability is tbizined when the distance

between the two centers is greatests thut iz to s thet the 0.3 chouid

lie as forward 1s possible on the model =nnd the C.T. ze nft us pd: ibie.
The methcd of stzbilization beins investiiuted ic to add a licht

cylindrical skirt to a mussive cone in an zttenpt 4o move the C,P, ar't

6
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The resnltc in dimure 18 (lower survec) siiow that the C.P. mowns

aft with ineveasing cviinder lensth only by
o the Mich number, -wAd

caliter C.2. ealiber oylinder length) depenains

it aan ve aop cluded thet the method is aob very otfective particularly

at the loawer toaf Mol sanwbers (B < YL - 0 ).

The inthaerse o the Much mwmber ot 0
noFiaure 13, dere the model with the shorogt o

1 iomoy amens she rodel

sdvartacecus as the CLJP. location will ochearnw [+
sorios durin s Lhe rlicht frem hisber to lower M oohiroirlers,

A conrarison between cur experimén'nl daras er's theoretiooal
. ‘ o ;

is ;iven in

rrediction” and the aviiintle free r£lish

Yiemre 1. The coxperimental data fall between th~ curve for inviseld

£1ow and that one corrceted for £ully “urbulent btoundary layer. . {The

corpection for lamirar boundary layer was nob avsiiabie,) In fach.

layer of the wind tnninel moders war Yenned LU te predominant iy

the tpensition oceurring somewies e on woi poar portion (sezorsd

Lalf) of the model (sec wlso eectd 2). Phe rree Pilicht and wind

I
*unnel duzte cerce Tiite well and the diffrecceg tovucen prediction ane.

Lotmoldg ke

. 4 . . - .,
eyxpeorizent arount Lo 137 or the theoretionl val oo,

vaged on ~odel diwmeter vitice from low o wl Mol mrber 1.5 tor
«.1 % 1 o4t Mach purker 3.5 for the rree £1iht datw, The wind Surcol

datr vere measured 14 nenrly constant Seynolds musker (5.9 x 107 =
I;A‘ "
dx 1927).

5.2 Slope ot the fiormal Force Curve

The influcnee of the afterbudy lenacthica 1 glicre of the rormal

force curve, CHYO.'(Fisure 15) inereases with irn-reasinig Mach nurker.
The change ir the slope of the fittings in ¥i‘ure 1% from zero to
positivé'vulues corbined witk the reversal in the masnitude of the vnine
of ¢, for the shortecr afterbody lenstlc has also heen observed by Buford
and Shatunoff in their investigation of the offécts of the zftertody
lensth of cone cyliader models. ‘ ’ o 5

CONFIDENTIAL




.cld flow predicticn and the experiment.l duita is

CONFIDENTIAL

Al 3
o il
e i3

o~

16 and the duta for the shortest and the lumnge

The influence of the Mich number on

S e

pared with the prediction in Fisure 17, The aevi
+

of the *hecretical value excert for the data or
above M = 3.
5.3 HBase Pressure

The influence of sferbody lenth wrd Mi:h
sure are shown in ¥l.oure 1Y, As ttrere is
length evident {rom the tests, onty the data of
lcnicest (5) flechette configuration are piotted

*

and the trernd is rerrresented by one fittins, A

experimental firdinss and the theoretical tace ¢

siven in Fi-ure 1, The predi:tlon is boged oo

no ind

deronstrated in Fioaupe

~enfiyipation £ = nome

H FR PR
dhn sl

Fotweer the invice
"

sererally less than 19,

Suntisaration L oat and

rurker on “he tage rres-
Tuence ot the aftertcds
the shurtest (1) ana tie
vérsus the Mich ru~ber
»nwpariscn between the

recsure predi~tion z
AR

- N
crepirical theories

which presurrese the existence of o turbmilent Loundary laver.

A study of the availul le scehlieren pictures

boundary layer wis predesinantly lucinar on the
nodels and the percent-ise of turtulent boundary

appeared to incrensc with hisher ach nurbers. .

dis:liged that the
wind btunnel tcsted
Leyer alons tho modd iz

Theretrcre, the disire; -

ancy between prediction and experirent is not surprisin:.

5.4 Axinl Foree

The atterbody lensth has only a very slisht intlusuce on the zero-

1ift axial furce stemnins from the fri:tion z2lon:

and the data were, therefofe; not shown plotted

A comparison of the results for the axial force versus Mach nurter

obtained from free flight tests, theorectinal predicticn and the wind

tunnel test is shown in Figure 20.

" The free flisht dras data (obtﬁined at anele of attuck’vafying
between 1.9 and 4.0 degrees) arpenr to agree with thie prediction for

turbulent boundary layer (at zero angle of attack).

CONEIDENTIAL

= the af'tertody surfacc,

versus ‘this parameter.
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The coemparicon of the wind tunnel d+ita with the predietion swmeeos.

2 laminae bourdary laver in the w'nd tunrel tost and the differconce

tetween theory and cxperiment could then be explained primarily ag tor
“ge pressure {Fio

differct o Botween tie measured and the redicted bLag
fospra’

16). The eoineidence of the predicted and the cozoured zero 1ift

tody axial forse in Fiure 19 confirms *hat, this <xplnn1£ion is corr .

Hovever. the Uorebody axial feree daty alse irdicete (in morcer: -

;ith t'low photorsraphs) ¢ ¢t the btoundary iaver win :uf fully laminne
the test and tiat 1% tended to tecome movre turtul. 5 wi+h increasni:

Yach nurber. This =ay 2ceount for a sce o'd1r~ contrivution te ‘tue

differences cf the 2xial force data ik 1 sure ZC0.

(UiCLASCTIF IED ) 6. CONCIUZID
The method of rass stabilizing cone oylind e tlechettes by inare-c-
ing the lensth of 2 cylindriecal skirt up to 3., crliber is found to i o
tret, the most favoe-

3 . -

of little eftfectiveness.. Within the sacre of tile
atle <.P. locaticn is obtained for 4 short aylindrical ckirt of 1.9 ¢
2.5 caliber in lenth.

The experirentzal wind tunnel da a2 tor the con’:r of presvuru P

#ith the theoretical prediction within In7 ana thh the availablq S :

results from free flisht tests in the range of this Into
K
The differences in the axial force wnasurere“us rnsulflnq frem i

wind tunnel test and from the free flisht rmnvc test are caused Ly

different boundary layer conditions.
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Figure 12. (C) Center of Pressure location Versus Afterbody Length (U)
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REYNOLDS No. Re = 5.5x10

X FREE FLIGHT TEST (CONF 1)
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Figure 1. (C)Center of Pressure location Versus Mach Number -
Comparison With Theory and Free Flight Test Data (U)
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Figure 15. (C)Slope of Normal Force Coefficient Versus Afterbody Length(U)
31

CONFIDENTIAL




CONFIDENTIAL

045
]
¢, N55210 ,
40 . ' : CONF.
0 ) s
Cn 4
{-{.}

3

035
2
t

030

Dasl 2 3 4 S5

Figure 16. (C) Slope of Normal Foree Coefficient Versus Mach Kurber (U)
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